The crystallization process of lead titanate (PT) prepared using the polymeric precursor method was investigated using X-ray diffractometry, Raman spectroscopy, electron microscopy, and X-ray absorption spectroscopy techniques. The results showed that amorphous PT was formed by an O-Ti-O structure composed of fivefold and sixfold oxygen-coordinated titanium. The local structure of the amorphous PT phase was similar to that of the cubic PT phase, i.e., similar coordination number and similar bond lengths, leading to a topotactic-like transformation during the phase transformation from amorphous to cubic perovskite PT. Because of the low crystallization temperature, every transformation observed during the crystallization process was associated with a short-range rearrangement process.
I. Introduction
L EAD TITANATE (PbTiO 3 , PT) is a well-known ferroelectric material with a perovskite structure. During PT or lead zirconate titanate (PZT) syntheses using chemical methods, an intermediate pyrochlore or fluorite crystalline phase has been reported before the formation of the perovskite phase; identification of this phase strongly suggests phase segregation or stoichiometric deviation during synthesis. 1, 2 Leite et al. 3 recently showed that the polymeric precursor method is a suitable synthetic route to obtain the PT phase. These authors reported that the cubic perovskite PbTiO 3 (c-PT) phase was formed from an inorganic amorphous precursor at a temperature of 444°C. A gradual transition from c-PT to tetragonal perovskite PbTiO 3 (t-PT) was observed with increased calcination time at this temperature. High-resolution transmission electron microscopy (HRTEM) results showed that the size of the c-PT particles was ϳ5 nm. The identification of c-PT as an intermediate phase supported the hypothesis that chemical homogeneity was kept at the molecular level during the synthesis process, with no cation segregation. However, it was not clear why the c-PT phase was formed at low temperatures. Crystallization was observed at a temperature at which long-range diffusion had to be constrained, and the equilibrium configuration was kinetically suppressed. 4, 5 The crystallization occurred at a low homologous temperature (T/T m , where T m is the melting temperature). The T/T m value observed was 0.345.
This article reports on an investigation of the phases formed during the synthesis of PT processed using the polymeric precursor method. Phase evolution has been characterized using X-ray diffractometry (XRD), X-ray absorption near-edge structure (XANES), extended X-ray absorption fine structure (EXAFS), HRTEM, and Raman spectroscopy. This report demonstrates that the crystallization process occurs by short-range diffusion because of the structural similarity between the amorphous PbTiO 3 (a-PT) and the c-PT. Crystallization in this process occurs at low homologous temperature, where the driving force is large but the mobility is negligible, i.e., sufficient to promote only the shortrange rearrangements necessary for crystal formation. The longrange distribution of the species (titanium, oxygen, and lead) must not occur.
II. Experimental Procedure
A precursor solution containing metallic cations was prepared with a molar ratio of Pb(II):Ti(IV) ϭ 1:1. An aqueous solution of titanium citrate was prepared from titanium isopropoxide (99%ϩ purity, Aldrich Chemical Co., Milwaukee, WI) with a concentration of 2.10 wt% of TiO 2 . Ethylene glycol (EG; 99.9%, E. Merck, Darmstadt, Germany) was added to the titanium citrate solution with a mass proportion of 40% of EG to 60% of citric acid (99.9%, E. Merck). Lead acetate trihydrate (Pb(CH 3 COO) 2 ⅐3H 2 O, 99%ϩ purity, Aldrich) was dissolved in the aqueous solution of titanium citrate to obtain the stoichiometric Pb(II):Ti(IV) ϭ 1:1 solution. The solution was then polymerized at 250°C for 3 h, followed by a 16 h prepyrolysis treatment at 300°C in a tube furnace with air flow. The powder thus obtained after prepyrolysis is hereinafter referred to as the amorphous precursor. The amorphous precursor was then calcined at various times and temperatures.
The phase evolution was followed using XRD (Model D-5000, Siemens, Karlsruhe, Germany), with CuK␣ radiation and a graphite monochromator, and by Raman spectroscopy. The Raman measurements were taken using a double monochromator (Model U1000, Jobin-Yvon, Longjumeau, France) coupled to a cooled GaAs photomultiplier and a conventional photon-counting system. The 488.0 nm exciting wavelength of an argon-ion laser was used, with maximum output power of the laser kept within 200 mW. All the measurements were taken at room temperature. Titanium K-edge XANES and EXAFS spectra were obtained of the amorphous precursor powder and the crystalline powder calcined at 500°C for 8 h at the LNLS (National Laboratory of Synchrotron Light) facilities in Campinas, São Pãulo, Brazil. The LNLS storage ring was operated at 1.36 GeV and 60 -100 mA. Data were collected at the titanium K-edge (4966 eV) in the transmission mode for powder. To monitor the energy calibration, XAS spectra of a metallic titanium foil was recorded at the same time as XAS spectra of the samples, using a third ion chamber. The X-ray beam was monochromatized using a silicon (111) channel cut monochromator with an energy step equal to 0.5 eV. Crystalline ␤-Ba 2 TiO 4 , Ba 2 TiSi 2 O 8 (fresnoite), and r-TiO 2 (rutile) powders were used as structural references in the analysis of the XANES spectra of the samples. The titanium atoms in these structures were coordinated by four, five, and six oxygen atoms, respectively.
All the EXAFS spectra were treated according to the classic plane-wave single-scattering approximation, 6, 7 per the procedure described in Ref. 8 . The EXAFS analysis was conducted using a microcomputer, using a program set written by Michalowicz, 9 according to the recommended procedures described by the International Workshop on Standards and Criteria in XAFS.
10 After atomic absorption removal and normalization, the k 3 (k) weighted EXAFS signal was Fourier-transformed to R distance space in the 3.8 -12.5 Å Ϫ1 limits. The energy threshold was selected arbitrarily at the inflection point of the absorption spectra. The contribution of the first neighboring shell was extracted by a back Fouriertransform in R space and then fitted using theoretical phase and amplitude functions.
Theoretical amplitude and phase functions were used to model the Ti-O pair, as reported in the MacKale et al. 11 tables. The theoretical amplitude and phase functions were first checked on the crystalline t-PT sample (R Ti-O ϭ 1.75 Å (ϫ 1), R Ti-O ϭ 1.98 Å (ϫ 4), and R Ti-O ϭ 2.42 Å (ϫ 1)). 12 In every fit, the number of free parameters (N par ) was kept smaller than the number of independent points (N ind ), defined as N ind ϭ 2⌬R⌬k/, where ⌬R is the width of the R-space filter windows and ⌬k the actual interval of the fit in the k space. 9 For the fit made at the titanium edge, the error was estimated to be approximately Ϯ0.01 Å in distance and Ϯ5% in coordination numbers.
The amorphous precursor powder was characterized using HRTEM (300 kV, Model JEM 3010 ARP, JEOL, Tokyo, Japan) and TEM (200 kV, Model CM200, Philips, Eindhoven, The Netherlands). For the HRTEM/TEM study, a drop of the powder suspension was deposited on a carbon-covered nickel grid. HR-TEM facilities were provided by LNLS-Campinas, São Pãulo, Brazil, and TEM facilities were provided by the Institute of Chemistry, UNESP, Araraquara, São Pãulo, Brazil.
III. Results and Discussion
(1) Phase Evolution Figure 1 presents the phase formation characterized by XRD ( Fig. 1(a) ) and Raman spectroscopy ( Fig. 1(b) ) for the amorphous precursor calcined at 444°C for various times. This temperature was considered the probable crystallization temperature, based on previous differential scanning calorimetry (DSC) analysis. 3 From the XRD analysis ( Fig. 1(a) ), a broad continuum pattern was observed for the amorphous precursor and the precursor calcined for 5 min, consistent with an amorphous structure (no long-range order). A c-PT crystalline phase was detected after a 20 min calcination time. A gradual transition from c-PT to t-PT was observed when the calcination time was increased. The analysis of the Raman spectra showed no characteristic Raman peaks for the amorphous precursor. However, for the precursor calcined for 5 min, Raman features could be observed in the regions of ϳ100 and 750 cm Ϫ1 . The shoulder centered at 750 cm Ϫ1 usually has been related to longitudinal optical phonons 13 typical of the perovskite structure. Increased calcination time produced a well-defined Raman spectrum, typical of the t-PT structure. The XRD pattern for the amorphous precursor calcined for 5 min showed no diffraction peak. However, the same powder analyzed using Raman spectroscopy showed a broad peak. This result was a strong indication that there was short-or medium-range order, such as Ti-O octahedra or clusters of Ti-O octahedra. The peak centered at 750 cm Ϫ1 was not observed in the amorphous precursor. However, a typical photoluminescence (PL) signal of a-PT 14 was observed for this sample. The intensity of PL may have hidden the Raman scattering associated with the Ti-O octahedron.
(2) X-ray Absorption Study Figure 2 presents the XANES spectra of the a-PT and crystalline t-PT phases. The spectra display a pre-edge absorption feature characteristic of titanium compounds. 15, 16 We have followed the notation of Pillep et al. 16 to indicate the main features in our spectra, which are the pre-edge transitions called A2 and A4. According to the literature, 16 16 These dipole transitions are forbidden in a centrosymmetric environment (Laporte's rule), such as in a regular octahedron. Their presence in the PT spectrum is due to the out-of-center distortion of the titanium atoms. According to this rule, the intensities of the pre-edge peaks generally decrease with decreasing distortion. 16 Figure 2, which shows the XANES spectra of a-PT and crystalline t-PT phases, reveals that the A2 and A4 features are more intense for the crystalline t-PT sample. The crystalline t-PT phase presents a very distorted first-shell structure. 12 Thus, from the XANES results, we expect that the first coordination shell around titanium atoms in the a-PT phase is less distorted than in the crystalline t-PT phase.
The pre-edge feature of our a-PT sample resembles that obtained for a titanium silicate sample by Behrens et al. 18 Based on the larger width of the pre-edge features in their samples, Behrens et al. have assumed the coexistence of various titanium atom environments with octahedral titanium dominating. The Behrens et al. study has demonstrated that their amorphous compounds were formed basically through fourfold oxygentitanium coordination (TiO 4 tetrahedra), sixfold oxygen-titanium coordination (TiO 6 octahedra), and fivefold oxygen-titanium coordination (TiO 5 square-based pyramids). We believe that the same supposition can be made for our amorphous sample, i.e., the amorphous precursor is formed basically by sixfold oxygentitanium coordination (TiO 6 octahedra) and fivefold oxygentitanium coordination (TiO 5 square-based pyramids).
Concerning the EXAFS analysis, only the first shell of coordination (first Ti-O neighbors) has been taken into account. The structural determination for the second shell of titanium is complex, and the simulation does not fit well the experimental data. Figure 3(a) shows the EXAFS spectra of the amorphous precursor and crystalline t-PT phases. The Fourier-transformed magnitude of the amorphous precursor and t-PT are shown in Fig.  3(b) . The first coordination shell, relative to the Ti-O bond, is well-defined, and, as observed in Fig. 3(b) , the amorphous precursor presents a more intense first peak than does the crystalline t-PT. Moreover, taking into account the crystalline material, we observe that the peak of the amorphous material related to the first Ti-O bonds shifts to higher distances. Table I presents the fitting results for the first shell (Ti-O) for the crystalline t-PT sample. In the first shell-fitting procedure, interatomic distances (R), Debye-Waller factors (), and energy shift (⌬E) were allowed to vary, while the coordination number (N) was fixed. Under these conditions, it was possible to obtain a good fit. In agreement with the tetragonal structure, 12 three subshells were used to fit the first shell of the crystalline sample: one oxygen atom located at 1.76 Å, four oxygen atoms located at 1.98 Å, and one oxygen atom located at 2.39 Å. To test the validity of our simulations, we then allowed the coordination number to vary. Under these conditions, either the Debye-Waller factor or the coordination number changed appreciably. A comparison between experimental and theoretical curves for the crystalline sample is presented in Fig. 4(a) . Several simulations of Ti-O configurations were made for the amorphous precursor sample. The best simulation was obtained with a two-shell model, presented in Table I . A comparison of the experimental and theoretical curves for the amorphous sample is illustrated in Fig. 4(b) . This result was in agreement with our XANES results and the EXAFS results published by Sengupta et al. 19 for a-PT prepared using the sol-gel method.
(3) HRTEM Study
HRTEM and selected area electron diffraction (SAED) analyses have been conducted as complementary structural analyses. The HRTEM image of the amorphous precursor (Fig. 5) shows a structure with no long-range order, characterizing an amorphous structure. The SAED patterns of the amorphous precursor (inset in Fig. 5 ) reveal an inner diffuse ring and a second diffuse ring. The diffraction pattern is related to the Fourier transform of the radial distribution function, (r), which gives the probability that an atom is surrounded by other atoms at a distance r. Therefore, a diffuse diffraction pattern suggests that (r) is not periodic. The presence of diffuse rings suggests only the development of a short-range order (amorphous structure). Figure 6 shows a HRTEM image of the amorphous precursor after a short exposed time to an electron beam. We can observe the first crystalline particles, with a size of ϳ5 nm. The SAED pattern (inset in Fig. 6 ) of these small particles has been classified as perovskite c-PT. In this case, the crystallization is promoted by local heating induced by the electron beam (in situ crystallization). These results support the XRD and Raman data and show that the c-PT particles are in the range of 5 nm, which must contribute to stabilization of the cubic structure.
(4) General Discussion
The XANES experimental results revealed in the a-PT precursor the presence of various titanium-atom environments, with octahedral titanium dominating. The mean value of the Ti-O bond length found by EXAFS was 1.92 Ϯ 0.02 Å. The first crystalline phase observed was perovskite c-PT phase, with N ϭ 6 and Ti-O bond length of 1.98 Å. 20 The shorter Ti-O bond length value observed for the amorphous precursor compared with the c-PT may have been a consequence of two Ti-O structures. Calculations of ab initio quantum mechanics 21 suggested that the chemical bond between titanium and oxygen (Ti-O) was highly covalent in character, whereas the bond between the lead cation and oxygen was basically ionic. This result, together with the EXAFS and XANES results, suggested that a-PT is formed from a O-Ti-O network. The charge of the lead cation must have been compensated by negatively charged nonbridging oxygens (NBO). In this model, the lead cation acted as a network modifier. The XANES and EXAFS analyses of the a-PT were based on the well-know structure of t-PT. The lower symmetry of the t-PT phase in relation to the c-PT phase was used as a reference to identify amorphous structures with symmetry higher than that displayed by the t-PT.
Based on the experimental data, it is possible to postulate the following qualitative model to describe the crystallization process of PT processed using the polymeric precursor method.
Short-range rearrangements of the lead ion must occur. The lead-ion rearrangement drives the transformation of the Ti-O square-based pyramids (N ϭ 5) to Ti-O octahedra (N ϭ 6). During the lead-ion motion, short-range rearrangements of the oxygen ions must occur simultaneously to transform N ϭ 5 into N ϭ 6 and to modify the Ti-O bond length from 1.92 to 1.98 Å. Thus, at the end of the process, a perovskite c-PT is formed.
The crystallization process must involve shorter-ranged rearrangements because of the low homologous temperature in which the crystallization takes place (T/T m Ϸ 0.354). As consequence of the short-range rearrangement process, the equilibrium configuration must be kinetically suppressed, resulting in a metastable phase (c-PT). The c-PT phase is formed preferably, because the amorphous phase is similar to the cubic crystalline phase, with similar N value and Ti-O bond length. Thus, for the crystallization process, it is postulated that the phase transformation from a-PT to c-PT is topotactic.
The crystallization of perovskite c-PT is kinetically more favorable than is perovskite t-PT. A similar approach has been used to explain the fluorite phase stability during PZT synthesis using the sol-gel method. 5 There is a relationship between the particle size and the c/a ratio for ferroelectric materials. 22, 23 Smaller particle sizes lead to a c/a ratio close or equal to 1.00 (c/a ϭ 1.00 implies a cubic structure). These previous works do not contradict our results. We show that the formation of c-PT is kinetically more favorable than is the formation of t-PT because of the low mobility of the species at the crystallization temperature. The small particle size may favor the cubic structure because of the short-range rearrangement process involved in the crystallization process of the cubic phase. The transformation from c-PT to t-PT occurs only by grain growth. The c-PT is a consequence of the topotatic-like phase transformation from an amorphous to a crystalline phase and not a consequence of the particle size.
Recently Muralt et al. 24 have shown that the incorporation of lead excess into the perovskite lattice of Pb(Zr,Ti)O 3 (PZT) promotes a volume increase of the lattice, modifying the lattice structure of the PZT. This result suggests that a chemical heterogeneity during the crystallization process can result in various lattice structures for perovskite materials, such as PT. However, this effect can be neglected in this study because of the high chemical homogeneity of the method of synthesis used. 
IV. Conclusions
The following conclusions can be made from the experimental data.
(1) a-PT is formed of a mixture of two Ti-O structures, i.e., fivefold and sixfold oxygen-coordinated titanium.
(2) The amorphous structure of the a-PT phase is similar to the c-PT phase, leading to a topotactic-like phase transformation.
(3) Each transformation observed during the crystallization process must be associated with the short-range rearrangement process because of the low crystallization temperature.
